Regular Article b-Carboline alkaloids represent a large number of naturally and synthetic indole alkaloids associated with a broad spectrum of biochemical effects and pharmaceutical properties.
Regular Article b-Carboline alkaloids represent a large number of naturally and synthetic indole alkaloids associated with a broad spectrum of biochemical effects and pharmaceutical properties. 1) Previous investigations focused on the effects of b-carboline alkoloids on the central nervous system (CNS). [2] [3] [4] [5] [6] [7] [8] [9] Recent reports [10] [11] [12] [13] [14] [15] [16] [17] have pointed out b-carbolines as a class of potential antitumor agents, which was discovered to function their antitumor activity through multiple mechanisms, such as intercalating into DNA, 11, 18) inhibiting topoisomerase I and II, 13) CDK, [19] [20] [21] MAPKAP-K2, 22) MK-2, 23) PLK1 24) and kinesin Eg5. 25) Recently, our group investigations [26] [27] [28] [29] [30] [31] on the synthesis of a variety of b-carboline derivatives and the evaluation of their antitumor activities unraveled that b-carbolines had potent antitumor activities and the activities were correlated to both the planarity of the molecule and the presence of the ring substituents. Structure-activity relationships (SARs) analysis suggested that the introduction of appropriate substituents into position-2, 3 and 9 played a vital role in determining their antitumor effects, and the n-butyl, benzyl or phenylpropyl substituents at position-9 was suitable pharmacophoric group giving rise to some potent antitumor agents.
In continuing search for novel and effective antitumor agents, we designed and synthesized a series of water-soluble b-carbolines bearing a flexible alkylamino side chain at position-3 and a alkyl or arylated alkyl substituent at position-9, respectively. The selective introduction of a methyl, n-butyl, benzyl, 4-fluorobenzyl and phenylpropyl substituents into position-9 of b-carboline nucleus was based on the previous SARs analysis results, and the design of the amino substituents was limited to diethylaminoethylamino, dimethylaminopropylamino diethylaminopropylamino and diethylaminobutylamino group. The purpose of this study was to investigate effect of the flexible amino side chain moiety on the antitumor activity, with the ultimate aim of developing novel antitumor b-carbolines with improved water solubility and bioavailability.
Chemistry
The synthetic routes of novel b-carbolines 1a, 2a-d, 3a-d, 4a-d, 5a-d and 6a-d are outlined in Chart 1. 1-Methyl-b-carboline-3-carboxaldehydes 1-6 were prepared from the L-tryptophan via six steps including the Pictet-Spengler condensation, esterification, aromatization, N-alkylation or N-arylation, reduction and oxidation as previously described. [26] [27] [28] The reaction of compounds 1-6 with the corresponding diamines to form schiff bases took place readily at room temperature in good yield. The crude schiff bases without further purification were directly reduced with NaBH 3 CN in anhydrous methanol to give the target b-carbolines 1a, 2a-d, 3a-d, 4a-d, 5a-d and 6a-d (Table 1) in 40-78% yield. The chemical structures of all the synthesized compounds were characterized by MS, IR, 1 H-NMR, and 13 C-NMR spectra.
Results and Discussion
Cytotoxic Activity in Vitro The cytotoxic potential of all newly synthesized b-carbolines was evaluated in vitro against a panel of human tumor cell lines according to procedures described in our previous reports.
26 ) The tumor cell line panel consisted of renal carcinoma (769-P), epidermoid carcinoma of the nasopharynx (KB), gastric carcinoma (BGC-823), renal carcinoma (786-0 and OS-RC-2), liver carcinoma (HepG2), melanoma (A375), colon carcinoma (HT-29), prostate carcinoma (22RV1) and breast carcinoma (MCF-7). The results were summarized in Table 1 .
As shown in April 14, 2010 position-9 of b-carboline nucleus were almost inactive to all human tumor cell lines at the concentration of 50 mM. As predicted, introducing an n-butyl, benzyl, 4-fluorobenzyl or phenylpropyl substituent into position-9 of b-carboline core led to compounds 3a-d, 4a-d, 5a-d and 6a-d respectively, which all showed significant cytotoxic activity against most of human tumor cell lines with IC 50 values lower than 20 mM. Interestingly, the N 9 -arylated alkyl substituted bcarbolines 4a-d, 5a-d and 6a-d displayed the most interesting cytotoxic activities, and compounds 4b, 5b and 6b bearing a dimethylaminopropylamino group were found to be the most potent compounds with IC 50 values lower than 20 mM against nine human tumor cell lines. These results indicated that (1) the N 9 -arylated alkyl substituents of b-carboline nucleus played an important role in the modulation of the cytotoxic potencies; (2) the length of the alkylamino side chain significantly affected their cytotoxic potency, and N,Ndimethylaminopropylamino substituent were more favorable.
UV Spectral Absorbance In order to elucidate the DNA-binding ability of this series of b-carboline derivatives, the modification of the UV absorption spectra of the selected compounds 1a, 2b, 3b, 4b and 6b in the absence and presence of increasing concentrations of calf thymus DNA (CT-DNA) was examined by UV spectroscopy based on the principle that the UV spectra of a substance changes if it interacts with the DNA. 11, 32) Figure 1 illustrates the absorption spectra of compounds 1a, 2b, 3b, 4b and 6b in the phosphate ethylenediaminetetraacetic acid (PE) buffer (1 mM Na 2 HPO 4 , 0.1 mM ethylenediaminetetraacetic acid (EDTA), pH 7.4) in the presence of increasing amounts of CT-DNA. In all cases, the binding of the drugs to CT-DNA results in considerable spectral changes, characterized by a slight bathochromic shift and a marked hypochromic effect. Bathochromic shifts and hypochromic effects are considered to be evidence of interaction of small molecules with DNA. Therefore, these results indicated that this class of b-carboline derivatives had a significant interaction with CT-DNA double helix.
DNA Thermal Denaturation Studies Intercalation of small molecules into DNA double helix is known to increase the DNA helix melting temperature. 11, 32, 33) In order to confirm the DNA intercalating ability of those compounds, we investigated the stabilization of the DNA helix by the selected b-carbolines 1a, 2b, 3b, 4b and 6b using melting temperature (T m ) studies to evaluate relative affinity for DNA of the selected compounds. The T m of CT-DNA in the presence and absence of compounds 1a, 2b, 3b, 4b and 6b were obtained from melting curves (not shown) and the results of T m analysis performed with CT-DNA are shown in Fig. 2 . CT-DNA which melt at a low temperature (53.5°C in PE buffer) affords a sensitive determination of the DNA binding capacity of the studied molecules. As indicated in bility with DT m value of 15.6 and 18.0°C, respectively. The results suggested that (1) these compounds could significantly stabilize the double helix of CT-DNA; (2) the introduction of appropriate substituent into position-9 of b-carboline nucleus facilitated the intercalating potency, and short alkyl group was superior to arylated aklyl substituent. Unexpectedly, these data showed no obvious correlation between their cytotoxic activities and DNA binding potencies.
Fluorescence Studies Fluorescence spectra measurement is another useful technique to determine the binding mode of small molecules with DNA helix. 16, 32) Compounds 1a, 2b, 3b, 4b and 6b present intrinsic fluorescence properties which could be used to evaluate their respective DNAbinding potency. The effect of CT-DNA on the fluorescence intensity of the selected b-carbolines 1a, 2b, 3b, 4b and 6b was determined by the use of fluorescence spectroscopy. From the titration of compounds 1a, 2b, 3b, 4b and 6b (Fig.  3) , the fluorescence intensity of all investigated compounds gradually decreased with the increasing concentrations of added CT-DNA. When the concentration of added CT-DNA was increased to 90 mM, the fluorescence intensity of all investigated compounds was lowered to their minimum. In addition, over the course of the fluorescence quenching of all investigated compounds, a slight bathochromic shift was also observed. These results indicated that such b-carbolines could effectively interact with DNA.
Conclusion
A series of water-soluble b-carbolines bearing a flexible amino side chain described in this paper were proved to be significantly cytotoxic activities. The N 9 -arylated alkyl substituented b-carbolines represented the most interesting cytotoxic activities. These results indicated that (1) the N 9 -arylated alkyl substituents of b-carboline nucleus played an important role in the modulation of the cytotoxic potencies; (2) the length of the alkylamino side chain moiety also affected their cytotoxic potency, and N,N-dimethylaminopropylamino substituent were more favorable. In addition, the significant spectral changes (bathochromic shifts and hypochromic effects), elevating T m value and fluorescence quenching effects of these compounds in the presence of CT-DNA were observed, suggesting that these compounds could significantly interact with DNA and remarkedly stabilizes the double helix of DNA. However, these data showed no obvious correlation between cytotoxic activity and DNA binding capacity of the newly synthetic b-carbolines.
In order to confirm the utility of the water-soluble b-carbolines bearing a flexible amino side chain moiety as an interesting antitumor agent, compounds 4b, 5b and 6b are now selected and submitted to further acute toxicity and antitumor activity studies in animal models, and the relative possible results will be reported in due course. 904 Vol. 58, No. 7 
Experimental
Reagents and General Procedures NMR spectra were recorded on a Varian Mercury-Plus 300 spectrometers, Bruker AVANCE 400 and Varian INOVA500NB in D 2 O or DMSO-d 6 or D 2 OϩDMSO-d 6 at 25°C. All chemical shifts (d) are quoted in parts per million downfield from tetramethylsilane (TMS) and coupling constants (J) are given in Hz. Mass spectra were obtained from VG ZAB-HS and LCMS-2010A. High-resolution mass spectrometry (HR-MS) was performed on MAT95XP. Infrared (IR) spectra were measured on VECTOR 22 spectrometer using a potassium bromide (KBr) disk, scanning from 400 to 4000 cm
Ϫ1
. All reactions were monitored by TLC (Merck Kieselgel GF 254 ) and spots were visualized with UV light or iodine. All commercially available reagents and solvents were used without further purification.
General Procedures for the Synthesis of Substituted b-Carboline Derivatives 1a, 2a-d, 3a-d, 4a-d, 5a-d and 6a-d A mixture of 1-methyl-b-carboline-3-carboxaldehyde (1 mmol), diamine (1.2 mmol), anhydrous methanol (6 ml) and anhydrous CH 2 Cl 2 (3 ml) was stirred at room temperature overnight. The solvent was evaporated under vacuum to give the crude schiff base, which was used directly in the next step without further purification.
NaBH 3 CN (10 mmol) was added to a solution of the crude schiff base in anhydrous CH 3 OH (10 ml) at 0°C. The mixture was stirred at room temperature for 24 h and then concentrated under vacuum. The residue was dissolved in CH 2 Cl 2 (50 ml) and washed with aqueous Na 2 CO 3 (pH 10, 50 ml). The organic layer was separated, dried over anhydrous Na 2 SO 4 , filtered, and concentrated under vacuum. The residue was purified by flash chromatography on silica gel (CH 2 Cl 2 /CH 3 OH/NH 4 OH, 95 : 5 : 1) to gain yellow oil. The oil was dissolved in 4 N HCl/ethanol (20 ml) and stirred at room temperature for 30 min, then removed the solvent under reduced pressure to obtain yellow solid.
3 123.4, 123.0, 119.7, 117.9, 111.3, 48.8, 48.3, 48.0, 47.8, 45.3, 21.2, 18.2 N-(4-Diethylamino)-butyl]-aminomethyl-9-benzyl-1-methyl-b - 
Cytotoxicity Assays in Vitro
Cytotoxicity assays in vitro were carried out using 96 microtitre plate cultures and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) staining according to the procedures described in our previous report. 22) Briefly, cells were grown in RPMI-1640 medium containing 10% (v/v) fetal calf serum and 100 U/ml penicillin and 100 U/ml streptomycin. Cultures were propagated at 37°C in a humified atmosphere containing 5% CO 2 . Cell lines were obtained from Shanghai Cell Institute, Chinese Academy of Science. Drug stock solutions were prepared in pure water. The human tumor cell line panel consisted of renal carcinoma (769-P), epidermoid carcinoma of the nasopharynx (KB), gastric carcinoma (BGC-823), renal carcinoma (786-0 and OS-RC-2), liver carcinoma (HepG2), melanoma (A375), colon carcinoma (HT-29), prostate carcinoma (22RV1) and breast carcinoma (MCF-7). In all of these experiments, three replicate wells were used to determine each point.
DNA Binding Studies The interaction of the selected b-carboline derivatives with CT-DNA was studied by UV spectrometry following the methods described by Xiao et al. 11) with some modification. Measurements were taken in PE buffer (1 mM Na 2 HPO 4 , 0.1 mM EDTA, pH 7.4) in a 1 cm pathlength quartz cuvette at room temperature using a Shimadzu UV 2501PC Spectrometer. The cuvette initially held 0.75 ml of a 20 mM solution of compounds 1a, 2b, 3b, 4b and 6b, respectively, and then was progressively titrated by increasing amounts of CT-DNA to obtain the spectrum of fully bound drugs in the presence of a large excess of DNA by means of a dispenser equipped with a 25 ml syringe and adequate Teflon tubing.
Determination of DT m T m measurements were performed using a Shimadzu UV 2501PC Spectrometer and following the methods described by Xiao et al. 11) with slight modification. Experiments were carried out in PE buffer (1 mM Na 2 HPO 4 , 0.1 mM EDTA, pH 7.4) in a thermostatically controlled cell hold, and the quartz cuvette (1 cm path length) was heated by circulating water at a heating rate of 0.5°C/min from 25 to 95°C. Doxorubicin Hydrochloride was used as standards. In all cases, the ratio of compound to CT-DNA is 0.2.
Fluorescence Spectroscopy Fluorescence spectral measurement 16, 32) was recorded using 10 mM of the fluorescent drugs incubated in 1 ml of PE buffer in the presence or absence of increasing concentrations of CT-DNA (0, 10, 20, 30, 40, 50, 60, 70, 80, 90 mM) in a quartz cuvette of 10 mm path length. The corresponding changes in the fluorescence intensity of the selected compounds were observed on a Shimadzu RF-5310PC spectrofluorometer at a fluorescence excitation wavelength of 372 nm.
